Abstract-Atherosclerotic plaques may rupture without warning and cause acute cardiovascular events such as heart attack and stroke. Current clinical screening tools are insufficient to identify those patients with risks early and prevent the adverse events from happening. Medical imaging and image-based modeling have made considerable progress in recent years in identifying plaque morphological and mechanical risk factors which may be used in developing improved patient screening strategies. The key steps and factors in image-based models for human carotid and coronary plaques were illustrated, as well as grand challenges facing the researchers in the field to develop more accurate screening tools.
clinical events from happening. Currently, plaque stenosis severity is still widely used as a main guidance for revascularization decisions. Results from six major clinical trials indicated that compared to patients who received carotid endarterectomies (CEAs), only one out of 8-83 patients (this number from the six trials was: 8; 8; 20; 67; 48; 83) from the control groups would actually have a stroke (1.2-12.5%) within two years of the surgery [9] . All other CEAs were actually not necessary and were performed only because available screening methods could not provide more accurate assessment and predictions. It is very desirable to develop more accurate noninvasive (or minimally invasive) predictive screening methods so that future plaque rupture can be predicted early and proper treatment can be recommended to prevent actual drastic clinical events and reduce the number of unnecessary surgeries.
Atherosclerotic plaque rupture is a complex process which involves many factors including mechanical forces (plaque stress, flow shear stress and blood pressure), plaque morphology (thin cap, lipid-rich necrotic core, calcification, hemorrhage, ulcer, etc.), biological processes (inflammation, remodeling), blood conditions (cholesterol level, injury-initiated blood changes), exercise, emotional stress, and various genomic and cellular activities. The mechanisms causing plaque rupture and subsequent clinical events are not fully understood [1] - [4] .
Going from the current stenosis-based patient screening schemes, the following steps may lead to potential screening and diagnosis improvements in the coming years.
1) Use of medical images that can more accurately quantify plaque morphology, components, lumen dimensions, plaque surface characteristics, and plaque inflammation. 2) Use of image-based modeling to establish the association of mechanical risk factors (plaque stress/strain, flow shear stress) with biological/clinical events such as heart attack and stroke. 3) Use of patient follow-up and actual clinical data to identify risk factors with predictive power, quantify their prediction accuracy, and develop predictive methods for plaque rupture and related clinical events. 4) Use large-scale clinical trial approaches to validate the risk predictors identified above and their prediction ability. 5) Automation of modeling and data analysis processes for potential software development and commercialization. The purpose of this paper is to briefly illustrate the key steps and features of image-based model development and the potential contributions image-based modeling could bring in vulnerable plaque assessment and clinical applications. Sections II and III present some important factors and techniques for in vivo image-based carotid and coronary plaque model constructions. Section IV explains how to use those models to identify mechanical and morphological risk factors for plaque assessment. Section V lists some grand challenges facing researchers, engineers, and clinicians in this field about the ways to bring research closer to clinical applications, in particular, identifying risk factors and developing predictive methods for better patient screening schemes. Section VI covers some important emerging imaging modalities.
II. PATIENT-SPECIFIC In Vivo MRI-BASED MODELS FOR
CAROTID ATHEROSCLEROTIC PLAQUES Some basic questions should be asked. a) Can modeling provide information useful for plaque assessment? b) Do we have the data needed for modeling? c) Are there special techniques needed for in vivo image-based plaque modeling with multicomponents and fluid-structure interactions (FSIs)?
Mechanical forces play an important role in plaque progression and rupture. It is well accepted that plaque initiation and early progression correlate negatively with flow shear stress [10] - [13] . Plaque rupture happens when the mechanical stress in the plaque exceeds the ultimate strength of the plaque cap material. Therefore, accurate calculation of mechanical forces in the plaque is of fundamental importance for our understanding and prediction of plaque progression and rupture processes. Early artery models included simplified 1-D, 2-D, or 3-D models with idealized geometries [7] . Development of medical image technologies made image-based models with realistic plaque geometries possible [6] - [8] . For carotid plaques, MRI is currently the best image modality providing plaque morphology and component differentiations (lipid-rich necrotic core, calcification, hemorrhage, ulceration, etc.) [5] , [6] . In vivo MRI-based 3-D FSI models integrate plaque morphology, components, fluid, and structural forces together, and has the potential to provide more accurate flow shear stress and plaque stress/strain calculations for plaque assessment, compared to fluid-and structureonly models [14] , [15] . Fig. 1 demonstrates an example where critical plaque wall stress (CPWS) was able to predict site of rupture [4] . CPWS is the maximum of all plaque maximum principal stress values at vulnerable sites such as a site where a thin fibrous cap covers a large lipid core. [14] .
A. Data Requirement and Challenges
Construction of patient-specific 3-D FSI models requires the following data: 1) 3-D in vivo MRI data of the plaque with plaque components; 2) on-site pressure and blood flow data; 3) vessel and plaque material properties; and 4) data to determine residual stress in the plaque. While researchers have developed techniques to provide high-resolution MRI data, machine resolution used in most publications is at 0.6 mm × 0.6 mm level. After interpolation, the in-plane resolution is 0.31 mm × 0.31 mm [14] , [16] . It has been reported that the threshold cap thickness for plaque rupture is 65 μm based on histological data of human coronary plaques [17] . The corresponding threshold cap thickness value for carotid could be at 100-150 μm [18] , which means the current MRI resolution needs to be improved to provide accurate cap thickness data and capture plaques that are more prone to rupture in the near future.
The limitation on MRI resolution has another implication: the calculated plaque stress at the cap tends to be lower than the actual stress because the cap thickness given by MRI may be greater than the actual thickness. Caution should be used when one tries to claim "threshold stress value" for plaque rupture since calculated stress values depend on the data and model used in their calculations. In vivo data and model predictions have much higher uncertainties, compared to data and studies based on ex vivo image and histological data.
Other than plaque morphology, on-site blood pressure, patient-specific vessel, and plaque component material properties and residual stress conditions are often unavailable and researchers need to use data from the literature in their in vivo MRI models. Phase-contrast MRI has been used to obtain flow information and used as boundary conditions in plaque models. Cine MRI and 3-D MRI were combined to quantify patientspecific vessel material properties with limited success [19] . The study used arm cuff pressure in lieu of on-site pressure, which was a severe limitation.
Residual stress has considerable effect on stress/strain calculations. People often relate residual stress in arteries to the opening angle when the artery is cut open, as it was first discovered by Fung and his group [20] . Actually, a circular artery segment under in vivo condition goes through three stages to get its openup zero-stress shape: axial shrinkage (up to 30-50%, could be smaller for atherosclerotic plaques), circumferential shrinkage (5-20% based on our data [21] ), and final opening-up with an opening angle (63.5
• , n = 5) [22] . Omitting any of the three stages would lead to stress/strain prediction errors in the order of 50-100% or even more [19] , [21] , [23] . To take into account of axial/circumferential shrinkages, a shrink-stretch process is needed (see Fig. 2 ) [24] to: 1) shrink the in vivo geometry from MRI to obtain a starting no-load geometry; and 2) apply pressure and axial stretch to recover original in vivo geometry with residual stress/strain computed. The shrinking rate in the axial direction, the shrinkage rates of lumen and outer wall were determined so that 1) mass conservation law was followed; and 2) the contours of the plaque and its components after pressurization and axial stretch had the best match with the in vivo geometry from MRI.
B. Three-Dimensional Mesh Construction and Material Model Selection
Because plaques have complex irregular geometries with component inclusions which are challenging for mesh generation, a component-fitting mesh generation technique was developed for our models [25] . Fig. 3 gives an illustration of the method. Each slice was divided into component-fitting areas called "surfaces" [see Fig. 3 (a) and (b)]. Then, the neighboring slices were stacked to form volumes [see Fig. 3(c) ]. Four types of volumes (hexahedron, prism, pyramid, and tetrahedron) were used as bricks to curve fit the complex plaque geometry. Using this technique, the 3-D plaque domain was divided into hundreds of small volumes to fit the irregular plaque geometry with component inclusions. A mesh for each small volume obtained previously was then generated by ADINA or other software. Mesh analysis was performed by decreasing mesh size by 10% (in each dimension) until solution differences were less than 2%. The mesh was then chosen for our simulations. Our models were solved by ADINA (ADINA R&D, Watertown, MA, USA), a commercial FE package suitable for a wide range of applications.
Most in vivo MRI-based plaque models used isotropic material models for vessel wall. However, it is known that arterial walls demonstrate anisotropic properties and consist of three layers: intima, media, and adventitia. Holzapfel et al. introduced anisotropic multilayer atherosclerotic plaque models and demonstrated that anisotropic material properties and multilayer structure features had a great effect (up to 400% difference) on stress predictions [26] . Identifying plaque layer structures and quantifying vessel anisotropic material properties noninvasively under in vivo condition remain to be challenges for medical imaging researchers.
III. PATIENT-SPECIFIC In Vivo INTRAVASCULAR ULTRASOUND (IVUS)-BASED MODELING FOR CORONARY PLAQUES
While coronary diseases affect far more people, image-based modeling studies for coronary plaques are more difficult to perform because of the lack of high-resolution imaging tools that can characterize these lesions noninvasively. Coronary arteries are smaller, harder to access, and are constantly in motion. In vivo IVUS is a catheter-based invasive approach currently used for direct in vivo imaging of coronary, carotid, and peripheral arteries [27] . IVUS virtual histology (IVUS-VH), a segmentation process based on known tissue types, sorts the raw IVUS data into four discrete atherosclerotic plaque components: fibrotic, fibro-fatty, necrotic, and dense calcified tissue [28] . This novel technique has been validated on ex vivo coronary plaques and is increasingly used for the differentiation of coronary plaque components with lipid and fibrous tissue in vivo [29] , [30] .
Attempts at using ultrasound and IVUS techniques have been made to quantify vessel motion, plaque development, mechanical properties, and vessel wall structure, even to predict rupture locations [31] - [33] . Liang et al. developed techniques to estimate transverse strain tensors in the artery wall using IVUS image registration [34] . In a multipatient IVUS-based study, Samady et al. found that coronary artery wall shear stress is associated with progression and transformation of atherosclerotic plaque and arterial remodeling in patients with coronary artery disease [13] . Using patient follow-up data, Gijsen et al. found that high shear stress induces a strain increase in human coronary plaques over a six-month period [35] .
We introduced the first patient-specific in vivo IVUS-based coronary plaque model with 1) FSI; 2) anisotropic vessel material properties; and 3) cyclic bending of the coronary caused by heart motion [25] . Fig. 4 used one coronary sample to demonstrate IVUS data, segmented contours, and reconstructed 3-D vessel geometry of a coronary segment. Fig. 5 shows how angiography was used to determine vessel curvature and curvature variations. Four models were used to investigate the effect of 1)-3) above on flow shear stress and plaque stress/strain calculations: Model 1 (M1), anisotropic model with cyclic bending and pulsating pressure; Model 2 (M2), same as Model 1, but no bending; Model 3 (M3), isotropic model, no bending; and Model 4 is the same as Model 1, with 10% axial stretch. Fig. 6 shows plots of the maximum principal stress (Stress−P 1 ) on a cut surface at maximum/minimum curvature conditions. Taking M3 as the base model, maximum Stress−P 1 values on the cut surface (at maximum bending where applicable) from M2, M1, and M4 was 63%, 126%, and 345% higher, respectively. The increases for strain-P 1 were even higher at 104%, 278%, and 391%, respectively. Fig. 7 compares flow maximum principal shear stress (FMSS) and flow velocity from M1 and M2. Cyclic bending caused a modest 15% decrease in maximum FMSS, 5% decrease in maximum velocity, and 8.7% decrease in flow rate (99.0 mL/min from M1 versus 108.4 mL/min from M2).
IV. IDENTIFYING RISK FACTORS AND BIOMARKERS USING IMAGE-BASED MODELING
The fundamental challenges for biomechanical research are 1) to provide in vivo evidence that mechanical risk factors (plaque stress, strain, and flow shear stress) may be associated with plaque progression and rupture; 2) to identify representative values of those factors to be used for more accurate plaque vulnerability assessment and classification; and 3) to develop predictive methods for patient screening and clinical applications.
A. CPWS Is Associated With Plaque Rupture and May Be Used for Plaque Assessment
3-D plaque stress/strain distributions include huge numbers of data points and one representative value for each risk factor must be identified for vulnerability assessment and plaque classification. One might think that the maximum of maximum principal stress (Stress−P 1 ) values should be the natural candidate. The fact is, as Fig. 1(b) shows, maximum Stress−P 1 often appears at sites where the vessel wall is healthy and rupture is not possible. CPWS was defined as the largest local maxima of maximum principal stresses from all possible vulnerable sites of the plaque [14] , [36] . Possible vulnerable sites of a plaque include all sites with local stress/strain maxima, especially where a thin cap was covering a lipid core, but exclude healthy sites where rupture is unlikely, even if a local stress maximum occurred there [14] . We have published papers reporting that plaque rupture is related to higher critical plaque stress conditions based on in vivo MRI data from human carotid plaques with and without rupture [14] . Our stress-based plaque assessment had 85% agreement rate with histopathological plaque vulnerability index (HPVI) for coronary plaques (34 2-D samples, Figs. 8 and 9) and 80.1% agreement rate with in vivo morphological plaque vulnerability index (MPVI) for carotid plaques (206 2-D samples) [36] , [37] . HPVI and MPVI were defined based on factors related to plaque vulnerability including cap thickness, lipid core size, hemorrhage and inflammation, and other factors [36] , [37] .
With evidence that higher plaque stresses are linked to plaque rupture and the selection of critical stress value as the representative value, critical stress values have been used in several studies concerning plaque rupture and assessment. Bluestein et al. investigated the effect of microcalcifications on vulnerable plaque [38] . Their results suggested that microcalcifications increased the plaque vulnerability [38] . Gao et al. studied carotid plaques and found that critical stress values from symptomatic patients were higher that from asymptomatic patients [39] . Intraplaque hemorrhage has been found to be closely related to potential plaque rupture [6] . Huang et al. performed a multipatient modeling study and found that locations of intraplaque hemorrhages corresponded to higher stress values than nonhemorrhage locations [40] .
B. Mechanisms Governing Advanced Carotid and Coronary Plaque Progression
It has been well accepted that atherosclerosis initiation and progression correlate negatively with low and oscillating flow wall shear stresses (FSS) [10] - [13] . However, this mechanism cannot explain why advanced plaques continue to grow under elevated FSS conditions. Using patient-specific in vivo carotid MRI data from 14 patients and 32 scan pairs (baseline-follow up, see Fig. 10 ) and 3-D FSI models, we found that 21 out of the 32 scan pairs showed a significant positive correlation between plaque progression and FSS, and 26 out of 32 scan pairs showed a significant negative correlation between plaque progression and plaque wall stress (PWS) [41] , [42] .
For coronary plaque progression, Samady et al. used IVUS data from 20 patients in a six-month follow-up study and 3-D computational fluid dynamics models to investigate possible association between FSS and plaque progression and remodeling [13] . All IVUS segments (n = 2249) were divided into low, intermediate, and high FSS groups. Compared with intermediate-FSS coronary segments, low-FSS segments developed greater plaque and necrotic core progression and constrictive remodeling, and high-FSS segments developed greater necrotic core and calcium progression, regression of fibrous and fibro-fatty tissue, and excessive expansive remodeling, suggestive of transformation to a more vulnerable phenotype.
V. GRAND CHALLENGES: DATA, MODEL, VALIDATION, AND PATIENT SCREENING

A. Patient-Specific Modeling With Incomplete and Inaccurate Data, MultiModality Approach, and Data Sharing
Patient-specific image-based plaque modeling faces many challenges. One of them is that we often have to use incomplete data with limited accuracy. Some examples are 1) image resolution may not be enough to reveal critical plaque features such as thin plaque cap close to threshold value and lumen surface erosion and inflammation; 2) patient-specific residual stress condition, vessel and plaque component material properties are not available in vivo; 3) on-site (at the site of the lesion) pressure and flow information; and 4) data at cellular and molecular levels may not be available. Researchers have been using multimodality approaches to gather data from different channels to complete the loop in modeling. IVUS and angiography are combined to get 3-D coronary geometry, on-site pressure, and vessel curvature variations [13] , [25] . Chiu et al. are using 3-D ultrasound as a prescreening tool before MRI to reduce cost and making the diagnosis-preventive care more practical [43] .
Because patient data are hard and expensive to collect, the need for data sharing has been recognized by the research community. The benefit is certainly clear. However, many issues remain to be solved: resources, data format, maintenance, method to share, credits, etc.
B. Modeling Limitation and Interpretation of Modeling Results
Due to the fact data a given model uses may be incomplete and inaccurate because of the difficulty of obtaining data in vivo, it is important to be cautious when interpreting modeling results and predictions. Researchers make best effort to include the most important factors in their models for the biological and clinical problems they are modeling. However, all models must ignore many factors so that the models are solvable and analysis is possible. Sensitivity analysis of these models should be performed to assess the uncertainties and errors that models bring due to those omissions and limitations. Errors may be introduced from 1) inaccuracy of data; 2) data not available (so generic data from the literature are used); 3) model assumptions and simplifications; and 4) numerical algorithms. With proper assessment, model predictions could be better understood and applied in potential applications.
It should be emphasized that, even with these limitations and uncertainties, model predictions including stress/strain calculations are still useful because most applications are concerned with relative differences compared to either prior readings of the same patient, or the normal range of a population group that the patient is compared to. It is with that reason that simpler models could be used, as long as their predictions are reasonably validated by patient studies.
C. Risk Indicators, Predictions, and Precision Medicine
Most investigations for atherosclerotic plaque progression and rupture have focused on correlation studies between risk factors and potential events (progression, rupture, stroke, and heart attack). However, it is far more important and of more practical significance that we develop methods that can predict the critical clinical events before their actual occurrence. In our recent paper [44] , a predictive method was introduced where 3-D FSI models were constructed based on patient data with follow-up scan showing plaque rupture. PWS and strain (PWSn) and flow wall shear stress (FSS) were extracted from all 600 matched nodal points (100 points per matched slice, baseline matching follow-up) on the lumen surface for analysis. Each of the 600 points was marked "ulcer" or "nonulcer" using follow-up scan. Predictive statistical models for each of the seven combinations of PWS, PWSn, and FSS were trained using the follow-up data and applied to the baseline data to assess their sensitivity and specificity using the 600 data points for ulcer predictions. Using probability 0.3 as a threshold to infer ulcer occurrence at the prediction stage, the combination of PWS and PWSn provided the best predictive accuracy with (sensitivity, specificity) = (0.97, 0.958). The method could be applied at population level to identify the optimal predictor(s) for plaque rupture or selected specific clinical observations. The time has come that predictive methods based on in vivo data with patient follow-up be developed to 1) identify risk indicators that have predictive power; 2) quantify the prediction accuracy of those risk indicators; 3) identify the optimal predictors (or combination of several indicators) for plaque rupture and other clinical events; 4) validate those findings by largescale patient studies and implement patient screening schemes for actual applications.
One important point worth noting is that, with so much effort invested in plaque mechanical analysis and some evidence that critical stress may be related to plaque rupture, it has not been established that adding mechanical stress/strain factors into our consideration would lead to more accurate predictions of potential rupture. That remains to be a great challenge in the coming years.
D. Plaque Classifications, Plaque Vulnerability Score, and Precision Medicine
The American Heart Association has introduced plaque classifications based primarily on histopathological features. With risk indicators identified, more quantitative plaque classifications can be introduced based on morphological features, critical stress and strain, flow shear stress, or other predictor. Going in the direction of "precision medicine," several plaque vulnerability indices (PVI) could be introduced, each would link a given risk predictor (such as cap thickness or critical stress) to a numerical score called cap-PVI or stress-PVI, which should be validated by clinical events in large-scale patient studies. There would be cap-PVI, stress-PVI, FSS-PVI, or others, as what research would lead us to. The PVI values could be converted from the corresponding risk predictor values, such as cap thickness and critical stress, to numerical values easy to understand by physicians and the general public. We have suggested using stress-PVI values from 0 to 4 with 0 for most stable and 4 for highly vulnerable [36] . Composite PVIs made of combination of several predictors with proper weighting are also possible if they provide optimal predicting accuracies.
Precision medicine includes several aspects: personalized quantification of risk factors, disease state assessment, personalized medication, and even surgical treatment plan, among others. Atherosclerosis is a complicated disease process. Plaque vulnerability assessment is a challenging task because validation by large-scale patient study with sufficient clinical events is extremely difficult. However, the potential for improvement to the current assessment schemes does exist.
E. Validations
It should be made clear that there are different kinds and levels of validation, and each requires special techniques and procedures: image segmentation validation; image reproducibility validation; computational model validation; numerical method validation; model output validation; risk factor validation; risk factor prediction accuracy validation; and PVI-based patient screening or plaque classification scheme validation.
One approach is cross validation. To compare a PVI-based plaque classification scheme with the stenosis-based scheme, we could simply apply the two schemes to a patient pool. Each scheme will come up with surgical treatment recommendation for each patient analyzed. If a large pool of patient data with follow-up is available, we compare the recommendations from the two methods to actual occurrences of plaque rupture, stroke, or other clinical events that require surgical interventions. If the PVI-based scheme has a better prediction success rate, it will be a successful validation of the scheme.
F. Transforming Research to Clinical Application
If research progressed to the point of validating the aforementioned schemes, transforming them to clinical applications could be even more challenging. First of all, the involved procedures, including image data processing, model construction, data analysis, and final screening results, would need to be automated with minimum operator interactions. Then, software development, FDA approval, clinical trials testing, manufacturing, and commercialization would be required. Those tasks are beyond the scope of this paper.
VI. EMERGING ENGINEERING IMAGING TECHNIQUES FOR PLAQUE IDENTIFICATION AND TISSUE DIFFERENTIATION
This paper aims to provide a perspective review for imagebased vulnerable plaque modeling and its potential for patient screening and translational diagnostic applications. However, the accuracy and success of any modeling effort are based on availability and accuracy of the desired or required data. Several imaging techniques have emerged with the potential to improve over the available modalities. X-ray computed tomography (CT) could be very useful for carotid and coronary plaque characterization, given the considerable progress made recently. A study of spectral CT [45] - [47] shows a possibility of four-material decomposition for assessing the vulnerability of plaques, in terms of plaque's inflammation and spotty calcification. Techniques using ultrasound-induced thermal strain imaging [48] , Rayleigh mixture model [49] , intracoronary optical coherence tomography [50] , 3-D ultrasound [51] , and magnetic nanoparticulate probes for molecular MRI of atherosclerosis [52] all show promises for future improved medical imaging of carotid and coronary plaques with potential applications. Development of new imaging techniques will provide better data which will lead to improved modeling accuracy and predictions. He is currently a Professor of mathematics and biomedical engineering at Worcester Polytechnic Institute, Worcester, MA, USA. He is also with Southeast University, Nanjing, China. His research interests include computational biomechanics and modeling, image-based modeling for cardiovascular diseases, vulnerable plaques, ventricle models, fluid-structure interactions, computer-aided surgical design, computational fluid dynamics, and scientific computing.
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